Abstract A shallow unconfined low-lying coastal aquifer in southern Finland surrounded by the Baltic Sea is vulnerable to changes in groundwater recharge, sea-level rise and human activities. Assessment of the intrinsic vulnerability of groundwater under climate scenarios was performed for the aquifer area by utilising the results of a published study on the impacts of climate change on groundwater recharge and sea-level rise on groundwater-seawater interaction. Three intrinsic vulnerability mapping methods, the aquifer vulnerability index (AVI), a modified SINTACS and GALDIT, were applied and compared. According to the results, the degree of groundwater vulnerability is greatly impacted by seasonal variations in groundwater recharge during the year, and also varies depending on the climate-change variability in the long term. The groundwater is potentially highly vulnerable to contamination from sources on the ground surface during high groundwater recharge rates after snowmelt, while a high vulnerability to seawater intrusion could exist when there is a low groundwater recharge rate in dry season. The AVI results suggest that a change in the sea level will have an insignificant impact on groundwater vulnerability compared with the results from the modified SINTACS and GALDIT. The modified SINTACS method could be used as a guideline for the groundwater vulnerability assessment of glacial and deglacial deposits in inland aquifers, and in combination with GALDIT, it could provide a useful tool for assessing groundwater vulnerability to both contamination from sources on the ground surface and to seawater intrusion for shallow unconfined low-lying coastal aquifers under future climate-change conditions.
Introduction
Shallow permeable aquifers located in low-lying coastal areas are vulnerable not only to contamination from sources that are located on the ground surface, but also to seawater intrusion and/or flooding of coastal areas either due to sea-level rise or storm surges (e.g. Luoma and Okkonen 2014; Luoma et al. 2013; Oude Essink 1999 Barlow 2003; Pulido-Leboeuf 2004; Oude Essink et al. 2010; Rasmussen et al. 2013; Ferguson and Gleeson 2012; Ataie-Ashtiani et al. 2013) . These events will presumably be accelerated by the changing climate, including changes in precipitation, temperature and groundwater recharge, as well as sea-level rise and an increasing frequency of storm surges (IPCC 2000 (IPCC , 2007 Nicholls et al. 2007) . Besides these, the increasing demand for water by the population and industry, as well as changing land-use practises as a result of human activities, could expose shallow aquifers to contamination.
The intrinsic vulnerability of an aquifer is the relative degree of natural protection of an aquifer from contamination by anthropogenic sources at the land surface. It is defined as a function of the hydrogeological characteristics of the aquifer, without considering the type and intensity of human activities at the surface (Vrba and Zaporozec 1994) . Although the vulnerability of an aquifer to contamination is based not only on hydrogeological factors but also on land-use factors (Vrba and Zaporozec 1994) , the hydrogeological factors would not change appreciably over time, whereas land use would. For the sustainable and effective management and protection of groundwater resources, an intrinsic vulnerability assessment should be performed for any aquifer area, as an indicator of aquifer vulnerability and the need for detailed investigations. Particularly in low-lying permeable coastal aquifers, where the groundwater level is close to the ground surface, a small increase in groundwater recharge and sea-level rise may increase aquifer vulnerability.
A shallow aquifer in the Hanko area in southern Finland, the case study area, is confronting these issues, and there is an attempt to maintain water supply quality within the drinkingwater standards in the long term. Referring to Luoma and Okkonen (2014) , a rise in the sea level due to global climate change would cause some parts of the Hanko aquifer to be below the sea level, compromising groundwater quality. This, together with the predicted increase in precipitation, would increase groundwater recharge and raise the water table, consequently contributing to the potential deterioration of groundwater quality or potential flooding in the low-lying aquifer area.
A number of methods have been used to assess the intrinsic vulnerability of aquifers. Among these, DRASTIC (Aller et al. 1987) , SINTACS (Civita 1994) , GOD (Foster 1987 ) and the AVI (Van Stempoort et al. 1993 ) are well-known and suitable methods for aquifers in clastic sedimentary environments. The DRASTIC method is usually used to determine the vulnerability of groundwater to contamination from anthropogenic sources from the ground surface. However, it does not take into account factors associated with watercourses such as lakes or rivers that are connected to the aquifer. SINTACS is a modified DRASTIC method with more options for the weight strings, including additional factors associated with human activities and watercourses, while the rating system of each parameter is still preserved as in the original DRASTIC method. For coastal aquifers, however, both DRASTIC and SINTACS have no parameters to determine contamination from seawater intrusion, which is a different and more complicated process compared with contamination via sources from the ground surface .
The GALDIT index (Chachadi et al. 2003; Lobo-Ferreira et al. 2007 ), a system of weights and ratings similar to DRASTIC and SINTACS, is a well-known method for assessing the vulnerability to seawater intrusion of coastal aquifers. The GALDIT vulnerability index map indicates the aquifer area along the coastline that is most likely to be affected by seawater intrusion and provides recommendations for detailed site investigations of aquifer areas. Although GALDIT does not take into account the rate of groundwater withdrawal relative to the total amount of freshwater recharge to the aquifer, or the freshwater-saltwater interface in the seawater intrusion process, the simplicity of this method makes it attractive for assessing aquifer vulnerability to seawater intrusion (Ivkovic et al. 2013) , and it has been used for many coastal aquifer areas around the world (e.g. Chachadi et al. 2003; Chachadi and Lobo-Ferreira 2007; Lobo-Ferreira et al. 2007; Dörfliger et al. 2011; Najib et al. 2012; Kura et al. 2015; Recinos et al. 2015) . According to the National Research Council (1993) , vulnerability assessment methods must be evaluated in order to verify the assigned vulnerability rating and increase the reliability of assessments. However, for all of the afore-mentioned methods, only a few cases have reported the validation of the method, and the most commonly used method has been a comparison of the results with geochemical data from groundwater samples (Allouche et al. 2015) . The distribution of indicators of seawater intrusion such as total dissolved solids (TDS), Cl and the Na/Cl ratio, and the extent of the freshwater-seawater interface from the GhybenHerzberg model have also been compared with the GALDIT vulnerability index maps (Trabelsi et al. 2016) .
In Finland, the shallow groundwater resides in Quaternary sediments deposited during the Weichselian glaciation and deglaciation. The sediments consist of glacial gravel, sand, till and clay, and in some areas with postglacial littoral gravel, sand and clay. The aquifer areas are very often located next to watercourses such as lakes or rivers (Okkonen and Kløve 2010) or human infrastructure (e.g. urban areas, industries, highways). Lavapuro et al. (2008) modified the DRASTIC method to assess the intrinsic vulnerability of an aquifer in an esker deposit where the sediments mainly consist of gravel and sand. This modified DRASTIC method nevertheless did not represent the overall depositional patterns of the shallow aquifers in Finland, where the deposits consist not only of esker material (with the deposition of coarse-grained sediments, e.g. gravel and sand), but also of ice-marginal end formations (with the deposition of gravel, sand, glacial till, silt and clay layers) or postglacial littoral sediments (gravel, sand and clay). A vulnerability assessment method that can be applied for the whole depositional environment of shallow groundwater areas such as in Finland, as mentioned in the previous section, and a method that can provide the same standard for all shallow aquifers, is still needed.
Although SINTACS appears better suited than DRASTIC to the vulnerability assessment of shallow glaciogenic aquifers, the rating classifications in SINTACS are still not representative of the depositional environments of shallow groundwater areas-for example, the aquifer media of such areas do not include basalt or massive sandstone or limestone. In this study, the rating classification of SINTACS was modified for three parameters: the soil media, aquifer media and the attenuation capacity of the unsaturated zone based on the superficial deposit map of Finland. The aim was to make it more suitable for aquifers formed in glacial deposits and depositional environments following deglaciation.
This study examined how the impacts of climate change on groundwater recharge, sea-level rise and the water table affect the vulnerability of the shallow low-lying coastal glaciogenic aquifer in Hanko, southern Finland. The results of a previous assessment of climate change impacts on the Hanko aquifer by Luoma and Okkonen (2014) were used to provide the inputs for three index models, the AVI, the modified version of SINTACS and GALDIT, and the results from the models were compared. The numerical approaches could be useful tools to predict contaminant transport in both space and time in the coastal aquifers. However, these approaches often have data and computational demands that are not easy to meet (e.g. Sanford and Pope 2010) . A recent study by Beebe et al. (2016) suggests that analytical approaches are not always reliable. If framed properly, index models could be able to support these types of vulnerability assessments. In addition, index models are generally used instead of numerical groundwater flow and transport models for the assessment of the groundwater vulnerability because they are easy to use and the index maps can be simply overlaid and integrated with thematic maps, such as land use and hydrogeological maps, in order to provide information to support the decisions of land users and land-use managers in groundwater risk assessment in the area.
In order to assess the potential impacts of climate change on the vulnerability of an aquifer and its ability to sustain groundwater development in the future, vulnerability index maps under climate variability and change should be prepared and examined, which can be done by first assessing climate change impacts on the aquifer and then using the outcomes in different vulnerability assessment methods. This study applied the outcomes of Luoma and Okkonen (2014) to demonstrate the impacts of climate variability and climate change on aquifer vulnerability. In addition, hydrogeochemical data, as well as field investigation and monitoring data, including the temperature, water level and electrical conductivity (EC) of groundwater, were used to confirm the degree of seawater intrusion and validate the vulnerable areas of the coastal Hanko aquifer. The vulnerability index map was used to assess the vulnerability of groundwater to potential sources of contamination in the groundwater area at present and also those predicted for the future under different climate change scenarios.
Study area Background
The study area is located on the Hanko peninsula on the southern coast of Finland at approximately 59°53″N 23°10″E (Fig. 1) . The shallow, unconfined, low-lying coastal aquifer in Hanko consists of porous gravels and sands of an icemarginal end deposit, and is located in a low-lying coastal area bounded by the Baltic Sea. It is an important source of drinking water and the water supply for residents of the town Hanko and the local industries. The economy of Hanko town is based on services (61 %) and industry (38 %) and the population in 2016 was 9109 (Hanko 2016). Hanko is a popular summer resort, and the population considerably increases during the summer due to the arrival of holiday homeowners and tourists. The Hanko area belongs to the temperate coniferousmixed forest climate zone with cold, wet winters. The mean annual temperature is 6°C, with mean minimum and maximum temperatures of −4.2 and 16.6°C, respectively. The average annual precipitation was 620 mm during the period 1971-2000. Forestry, mainly of Scots pine (Pinus sylvestris), is the main land use in the aquifer area (approximately 80 % of land use). Additionally, the existing potential anthropogenic impacts from human activities in the area, namely gravel excavation pits, local industries and salt (NaCl) used for de-icing on the highway that runs through the middle of the groundwater area, could pose a contamination risk to groundwater quality.
Geology and hydrogeology
The Quaternary deposits in the Hanko area are underlain by the basement of the Precambrian crystalline igneous and metamorphic rocks (Fig. 2) . The Precambrian bedrock mainly consists of granite, quartz diorite and granodiorites, forming a sharp unconformity with the Quaternary deposit with some outcrops in the area (Kielosto et al. 1996) . The aquifer in the study area is in the First Salpausselkä ice-marginal formation, deposited during the Weichselian and Holocene deglaciation of the Scandinavian Ice Sheet (Fyfe 1991; Saarnisto and Saarinen 2001) . The formation consists of gravel, sand, glacial till, silt and clay, and of postglacial littoral gravel, sand and clay ( Fig. 1 ) that was originally deposited as sub-glacial outwash fan deposits (Fyfe 1991) .
The primary ice-marginal formation in Hanko was formed in deep water as a low narrow ridge (Fyfe 1991) . When the ice sheet withdrew from the area, this deep-water deposit was covered by fine-grained sediments, silt and clay layers of the Ancylus Lake and Littorina Sea. The sea level has been regressive since deglaciation because of isostatic land uplift. The primary deposit of the First Salpausselkä formation was exposed to sea waves and also to wind (Kielosto et al. 1996) . The well-sorted gravels indicate reworked materials from the high energy of waves and storm activities, and are found over a large area in Santala, while the fine sand from aeolian deposits covers a large area in the east (Fig. 1; Fyfe 1991; Kielosto et al. 1996) . The lake and wetlands in the middle of the aquifer are located in a depression that forms part of the First Salpausselkä formation and the sand dune terrain. The lake has a surface area of about 1.8 km 2 , with an average depth of approximately 1-2 m. Fig. 1 The topographic landform of the study area varies between 10 and 14 m above sea level (a.s.l.) along the northern ridge of the First Salpausselkä formation, and its elevation decreases to less than 2 m along the northern coastline, while in the south and southeast the elevation gradually decreases to 5-7 m a.s.l. The shallow aquifer in Hanko is unconfined, with the thickness of the Quaternary deposits varying from less than 1-75 m, and the average thickness being about 25 m. The sediments are generally thick on the western side, in a NE-SW direction conforming to the First Salpausselkä formation, and their thickness decreases eastwards to less than 1 m in the eastern coastal area. The simulated groundwater levels under mean and dry (summer) climate conditions at present are shown in Fig. 3 (Luoma and Okkonen 2014) . The water table varies between 2 and 10 m below the ground surface in the inland area, and is less than 2 m below the ground surface in the coastal area, where groundwater discharges into the Baltic Sea. In many parts of the aquifer, the groundwater level is close to the ground surface, and water intake areas are located along the coastline, where the groundwater level may often fall below the sea level. According to the results of well testing and soil sample analysis, the hydraulic conductivity of the aquifer ranges from 0.3 to 4.8 m day −1 in silty sand and fine sand, and is up to 100 m day −1 in sand and gravel (Luoma and Pullinen 2011) .
Groundwater recharge mainly occurs twice a year, during spring (late March to early April) and late autumn (November to early December) from the infiltration of snowmelt and rainfall, respectively (Luoma and Okkonen 2014) . Groundwater mainly flows northward into the coastal area and also towards the south-southeast into wetlands and peatlands, as well as towards the Baltic Sea in the east. The groundwater level rapidly responds to a rise in the sea level, as well as to recharge from the spring snowmelt and rainfall (Backman et al. 2007; Luoma et al. 2013; Luoma and Okkonen 2014) . Material and methods
Description of the methods used
In this study, three intrinsic vulnerability mapping methods were applied and compared: a modified version of SINTACS, the AVI and GALDIT. SINTACS was selected because it has more options for the weight string based on the different environmental settings of the aquifer. Although Kirchner (2006) referred to parameter-rich models with too many degrees of freedom as Bmarionettes^, SINTACS provides weight strings including those factors associated with human activities and watercourses that are commonly found in shallow groundwater areas in Finland. However, the rating classifications of three (soil media, aquifer media and attenuation capacity of the unsaturated zone) of the seven parameters in SINTACS were modified based on the superficial deposit map of Finland to make the index more suitable for glacial aquifer deposits and deglaciation depositional environments, as mentioned in the previous section. The AVI is simpler than SINTACS, with only two parameters required for the analysis, and it was selected in order to compare with SINTACS to evaluate the effect of the number of parameters inputted on the vulnerability indices. However, neither SINTACS nor the AVI have parameters to determine contamination from seawater intrusion; thus, GALDIT was selected for the intrinsic vulnerability assessment of seawater intrusion into the coastal aquifer and compared with SINTACS and the AVI. The SINTACS and GALDIT methods are based on the index weight rating and overlay analytical function using the ArcMap program, while the AVI method is based on the type and thickness of the aquifer media above the groundwater level. A brief description of each method is given below.
SINTACS and the modified SINTACS
The intrinsic vulnerability mapping method SINTACS (Civita and De Maio 2004 ) is based on the index weight rating and overlay analytical function using the ArcMap program. It is a modification of the DRASTIC method (Aller et al. 1987 ) with the improvement of more options for the weight rating of each parameter based on the different environmental settings of the aquifer. It is a parametric system with rating scores and weights for seven parameters: depth to the water table (So), effective infiltration (I), unsaturated zone attenuation capacity (N), soil attenuation capacity (T), hydrogeological characteristics of the aquifer (A), hydraulic conductivity (C) and topographical slope (S). Each parameter was rated based on its characteristics and susceptibility to groundwater contamination from 1 (the lowest vulnerability) to 10 (the highest vulnerability). The definitions of these parameters are presented by Civita and De Maio (2004) . In each grid cell, the assigned parameter ratings were then multiplied by the weight strings.
The weight strings corresponded to one of six hydrogeological environments, including normal impact, severe impact, drainage, karst, fissured and nitrate. Each weight string was assigned a value from 1 to 5, with the most significant factors receiving a weight of 5 and the least significant a weight of 1. The final vulnerability index in each grid cell was the sum of the scores for the seven parameters and was obtained by superposition of the seven thematic maps:
where r = rating w = weight string
The final vulnerability index score was divided into vulnerability classes (very high, high, medium, low and very low) to produce a final vulnerability SINTACS index map of aquifer area. The classification category was varied depending on the number of weight strings applied. A possible minimum value of 26 to a possible maximum value of 260 represents a relative measure of groundwater vulnerability. The higher the vulnerability index value, the more vulnerable the aquifer is to contamination. In this study, the modification was performed to SINTACS for three parameters: the unsaturated zone attenuation capacity, soil media and aquifer media. This was done by classifying the rating system based on the superficial deposit map of Finland, while the other parameters and weight strings were maintained as in the original SINTACS method. Further details of the modified SINTACS parameters are provided in section 'Vulnerability index mapping'. The SINTACS vulnerability index map presented in this study is therefore a result of the vulnerability assessment performed using the modified SINTACS parameters.
Aquifer vulnerability index (AVI)
The aquifer vulnerability index (AVI) (Van Stempoort et al. 1993 ) is a method for mapping the vulnerability of groundwater based on two parameters: the thickness of each sedimentary unit above the uppermost saturated aquifer (d, length) and the estimated hydraulic conductivity (K, length/time) of each of these layers (Van Stempoort et al. 1993 ). The index is determined from the relationship between these two parameters, as shown in the following equation:
The AVI has a dimension of time and represents the hydraulic resistance of an aquifer to vertical flow. Based on these hydraulic resistances, the AVI is divided into five classes: extremely low, low, moderate, high and extremely high vulnerability, as shown in Table 1 (Van Stempoort et al. 1993) . In many studies, however, the AVI classification has been modified with different criteria to suit the study area.
GALDIT
GALDIT is an intrinsic vulnerability assessment method for assessing the vulnerability of a coastal aquifer to seawater intrusion Lobo-Ferreira 2001, 2007; Chachadi et al. 2003) . It was originally developed to assess the vulnerability of coastal aquifer systems to seawater intrusion in India. Similarly to SINTACS, it is a parametric system with rating scores and weights for six parameters that describe the most important factors controlling seawater intrusion: groundwater occurrence (G), aquifer hydraulic conductivity (A), the groundwater level above sea level (L), distance from the shore (D), the impact of the existing status of seawater intrusion (I) and the thickness of the aquifer (T). Each parameter was rated based on its characteristics and susceptibility to seawater intrusion, the alternative scores being 2.5 (lowest vulnerability) 5, 7.5 and 10 (highest vulnerability). In each grid cell, these assigned rating parameters were then multiplied by the weight strings. The weight strings were assigned a value from 1 (the least significant factor) to 4 (the most significant factor). The final vulnerability index in each grid cell was the sum of the scores of these six parameters:
where R is the rating and W is the weight string. The final GALDIT vulnerability index score varies from 2.5 to 10 and is divided into three vulnerability classes: high (>7.5), moderate (5 to 7.5) and low vulnerability (<5). The higher the vulnerability index value, the more vulnerable an aquifer is to seawater intrusion.
Vulnerability index mapping
The groundwater intrinsic vulnerability assessment was performed according to the following steps:
Step 1. The aquifer area was defined from the saturated permeable glacial and deglacial sediments (e.g. gravel, sand and fine sand) thicker than 2 m or deposits deeper than 5 m if there was no observation of the saturated zone thickness.
Step 2. The intrinsic vulnerability assessments of the aquifer were performed under mean and dry (summer) climate conditions at present utilizing the modified SINTACS, AVI and GALDIT methods.
Step 3. With the afore-mentioned methods, the intrinsic vulnerability assessment was performed under mean and dry climate conditions for the A1B (2021-2050) future climate scenario (Luoma and Okkonen 2014) . The results of the vulnerability indices were compared with the present conditions.
Mapping of the groundwater intrinsic vulnerability index was performed using the ArcMap program version 10.1. Each parameter was converted to a grid map with grid cell size of 10 × 10 m, covering approximately 52 km 2 .
The results of the climate change impact study by Luoma and Okkonen (2014) , including groundwater recharge, depth to the groundwater and sea-level rise data, were used to assess the impact of climate variability and change on aquifer vulnerability. The sustainable use of groundwater should also consider the possible effects of climate change on groundwater, and this study thus provides information on whether the variability and change in the climate play a role in aquifer vulnerability assessment. Among the key parameters in vulnerability assessment are recharge and depth to the groundwater level, both affected by dynamic parameters such as precipitation, temperature and sea level. IPCC (2007) provides information on possible changes in precipitation and temperature that are rarely used in aquifer vulnerability mapping. The results for the present conditions were compared with those for climate change scenario A1B during the period 2021-2050.
The rating and weighting was performed for each parameter using the map overlay analytical function in the Spatial Analyst module of the ArcMap program. The final vulnerability map was a compilation of these maps, where each cell in the grid model is represented by a vulnerability value that corresponds to the cumulative rating and weighting of all the parameters. The final vulnerability index maps were then divided into classes and the percentage of grid cells in different vulnerability classes was calculated and compared.
In addition, sensitivity analysis was performed using groundwater recharge and sea-level variability, which have the greatest impact on the groundwater level (Luoma and Okkonen 2014) and thus on the depth to the groundwater level, the thickness of the unsaturated/saturated zone and consequently the vulnerability of the aquifer. 
Modified SINTACS method
The calculation of the modified SINTACS vulnerability index is summarized in detail below:
where r is the rating for each parameter w is the weight associated with each parameter in each weight string, and So, I, N, T, A, C and S are seven parameters of the SINTACS vulnerability index and * indicates the parameters that have been modified:
Depth to water (So): The depth to water parameter is the distance from the ground surface to groundwater level of the uppermost aquifer. The deeper the water table, the longer it will take for contaminants to reach the saturated zone, allowing more time for natural attenuation and lowering of the vulnerability (Aller et al. 1987) . A grid map of the groundwater level was produced from the interpolation of groundwater levels from 240 observation wells distributed throughout the study area using the kriging interpolation method in ArcMap. The depth to water grid map was produced by subtracting the topographic and groundwater level grid maps. The average depth to water grid map during the period 1971-2000 ranges between 0 and 15 m, with an average value of 4 m. The vulnerability rating for the depth to water parameter is presented in Table 2 . Recharge (I): Groundwater recharge is an important process that can transport contaminants into the subsurface and towards the water Table 2 . Unsaturated zone attenuation capacity (N*): The unsaturated zone material was identified from the uppermost texture of the soil in survey data from Finland at the scale 1:20,000 (Ahonen et al. 2015) . The attenuation capacity of the unsaturated zone was rated based on the permeability of the aquifer materials. The more permeable the material, the shorter the transit time and lower the attenuation capacity, and hence the more vulnerable the aquifer is (Aller et al. 1987) . The vulnerability ratings used for the unsaturated zone attenuation capacity are presented in Table 2 . 
Soil media (T*): The thickness and texture of the soil can influence the natural attenuation capacity and permeability of the soil zone. Unfractured clays and silts provide a barrier to flow and have a lower vulnerability than more permeable sands (Aller et al. 1987 ). The soil material was based on soil survey data from Finland at the scale 1:20,000 (Ahonen et al. 2015) . The vulnerability rating was based on the soil texture as shown in Table 2 . In Hanko, the soil layer is absent in most of the aquifer area and causes the highest vulnerability in these parts. Aquifer media (A*): Highly porous media result in high aquifer vulnerability because of the lower natural attenuation capacity of more permeable aquifers (Aller et al. 1987 ). Some aquifer media described in DRASTIC and SINTACS do not exist in the shallow aquifers in Finland. Hence, the aquifer media rating used in this study was based on the superficial deposit map of Finland (Ahonen et al. 2015) , which displays deposits from glaciation. The aquifer media data were obtained from drilled wells and the superficial deposit map of Finland at the scale 1:20,000 (Ahonen et al. 2015) , according to which approximately 80 % of the area of the Hanko aquifer consists of sand and gravel. The vulnerability ratings used for the aquifer media are presented in Table 2 .
Hydraulic conductivity (C): The higher the hydraulic conductivity (K-value) of an aquifer, the faster water and contaminants are able to move from the source to the groundwater, and hence the higher is the vulnerability of the aquifer (Aller et al. 1987 . The vulnerability ratings for different Kvalues are presented in Table 2 . Topography (S): The vulnerability due to topography was assessed based on the percentage slope of the land surface. The greater the slope, the more potential there is for runoff and the less potential for infiltration of contaminants, and vulnerability is consequently lower (Aller et al. 1987) . The LiDAR elevation model was used to calculate the slope of the topography in the Hanko area by using ArcMap with the Spatial Analyst tool. The topography in the Hanko area is generally quite flat, with the average percentage of slope being 2.5 %. The vulnerability ratings used for topography are provided in Table 2 . Weight string of all hydrogeological zones: A weight was assigned to each parameter in each grid cell. Three weight strings were used directly from the SINTACS weight strings (Civita and De Maio 2004) , including normal impact, severe impact and drainage (Table 2) . Normal impact represents an area that has no impact from human activities, while severe impact represents areas strongly affected by human activities, and drainage represents areas that contain water bodies, such as the drainage system from streams, lakes, and in the Hanko area, the Baltic Sea coastline. The Hanko area experienced the highest sea level since 1887 at +1.24 m a.s.l. during a storm surge on 9 January 2005. The drainage area along the coastline comprised the areas that have elevation lower than 1.24 m a.s.l.
Aquifer vulnerability index (AVI)
The assessment of aquifer vulnerability using the AVI method was based on the type and thickness of aquifer media above the groundwater level. The data needed for AVI analysis consist of the following: (1) information on each hydrostratigraphic unit such as an aquifer (sand, gravel) and aquitard (clay, silt, till), (2) the hydraulic conductivity (K-value) distribution for each hydrostratigraphic unit and (3) the groundwater level distribution of the aquifer. As in the SINTACS method, the hydrostratigraphic data were obtained from a 3D geological model and groundwater flow model of the study area (Luoma and Okkonen 2014; Luoma et al. 2013) . K-values were derived from well testing, slug testing, grain-size analysis, laboratory analysis and calibration of the groundwater flow model.
GALDIT index
The vulnerability rating and weight string of parameters used in GALDIT are presented in Table 3 . The ratio of Cl/(HCO 3 + CO 3 ) was originally recommended for rating the impact status of the existing seawater intrusion parameter by Chachadi and Lobo-Ferreira (2001) . Later, Dörfliger et al. (2011) added electrical conductivity (EC) values and chloride (Cl) concentrations in groundwater from wells along the coastline as alternative indicators of existing seawater intrusion, with the rating classification based on the drinking-water standard of EC < 2,500 μS cm −1 and Cl < 250 mg L −1 (WHO 2011; Council of EU 1998; STM 2001) . In this study, the Cl concentrations in groundwater were categorized into <50, 50-100, 100-200, and >200 mg L −1 and assigned the respective ratings of 2.5, 5, 7.5 and 10. Mäkinen (2008) reported that based on the taste and the characteristics that induce corrosion, the Cl concentration in groundwater should be <25 mg L ) was used as the minimum threshold of the rating classification (Table 3) .
Vulnerability index maps: validation efforts
The vulnerability assessments were evaluated in order to verify the validation of the methods (National Research Council 1993) . In this study, the predicted levels of vulnerability were compared with the results of a hydrogeochemical study by Luoma et al. (2015) , which included the analysis of water samples from 15 sites and monitoring data from 15 observation wells (depth and temperature for inland observation wells, and depth, temperature and electrical conductivity (EC) for wells located along the coastline) during the years 2009-2010 and 2012. The contribution of seawater to the aquifer was calculated based on the chloride (Cl) concentrations of groundwater, seawater and freshwater using the following equation (Appelo and Postma 2005) :
where Cl s , Cl f and Cl sw are the Cl concentrations of groundwater, local freshwater and seawater, respectively. A simplified intrusion zone was determined from the difference in the densities between the interface zone of groundwater and seawater using the Ghyben-Herzberg equation (Ghyben 1889; Herzberg 1901) :
where h is thickness of the freshwater zone above sea level, Z is the thickness of the freshwater zone below sea level, ρ f is the density of freshwater (1.00 kg m −3
) and ρ sw is the density of seawater. In the Gulf of Finland, the density of seawater varies from 1.001 to 1.006 kg m −3 (average 1.003 kg m −3
), which is relatively low compared to normal oceanic water (average 1.025 kg m
−3
). The average density value of 1.003 kg m −3 was used for the calculation. The length of the seawater intrusion wedge (L) at the point beneath the shoreline into the aquifer section is expressed as (Schwartz and Zhang 2003) :
where b is the thickness of the aquifer, dh is the thickness of the freshwater zone above sea level, and dx is the distance of well from the shoreline.
Vulnerability analysis under climate scenarios
Climate scenarios A1B and B1 in Hanko predicted an increase in the mean temperature of at least 1.0°C for all periods compared with the present (1971-2000) (Luoma and Okkonen 2014) . Scenario A1B (2071-2100) predicted the greatest increase in the mean temperature range (2.9-4.6°C), with an annual mean increase of 3.4°C compared with the present. Scenario B1 (2071-2100) resulted in a similar mean temperature pattern to A1B (2071-2100), but with an approx. 1.0°C lower mean temperature than A1B (2071-2100). For the period 2021-2050, the mean temperature in both the A1B and B1 scenarios was similar, with an annual mean increase of 1.3-1.4°C from the present. Overall, annual precipitation in the scenarios increased by 5-12 % compared with the present, and was lowest in B1 (2021-2050) and highest in A1B (2071-2100). The average sea level in Hanko was predicted to be at +0.09 m in the B1 scenario (medium regionalised) and +0.51 m in the A1B scenario (highly regionalised) by the end of the 21st century. However, the highest increase in groundwater recharge (with an average increase of 33 % from the present) and the groundwater level in Hanko (with an average increase of 0.98 m from the present) was predicted from the flow simulation utilising the climate and sea level rise scenario A1B (2021-2050) (with the predicted sea level at +0.13 m). Moreover, the groundwater level fluctuation pattern in Hanko shows clear seasonal variations, where the maximum groundwater level occurs during spring immediately Recharge and/or impervious boundary, aligned parallel to the coast after snowmelt and the minimum groundwater level occurs during the summer due to high evapotranspiration and low precipitation (Luoma and Okkonen 2014) . For the selected vulnerability assessment methods (modified SINTACS, AVI and GALDIT), climate change will have impacts on the parameters that are relevant to the groundwater level (groundwater recharge, depth to water, height of groundwater level above sea level and thickness of the saturated zone). Hence, groundwater vulnerability under a climate change scenario was assessed based on the groundwater level data obtained from A1B (2021-2050) under mean and dry climate conditions. The other parameters (unsaturated zone material, soil media, aquifer media, K-value and slope) were assumed to remain static, as under the present conditions. The vulnerability index maps under climate scenario A1B (2021-2050) were compared with the vulnerability index for the present. For more detailed information on the impacts of climate change on groundwater recharge and surface leakage in Hanko, the reader is referred to the study of Luoma and Okkonen (2014) .
Sensitivity analysis
Sensitivity analysis was performed to examine the contribution of single parameters to the vulnerability index map. Because groundwater recharge and sea-level rise have direct impacts on the groundwater level and surface leakage (as mentioned previously) in Hanko, these two parameters were selected for the sensitivity analysis by arbitrarily changing the values of both parameters by certain percentages from the initial condition. Groundwater recharge was changed by 10, 20 or 30 % from the present (mean) condition, while the sea level remained unchanged, and vice versa. The vulnerability index was calculated based on the results of the simulations and compared with the vulnerability index for the initial condition. The effect of changing the specific parameters was calculated using the following equation (Li and Merchant 2013) :
where V % is the variation in the groundwater vulnerability index expressed as a percentage, V x is the vulnerability score affected by changes in specific parameter x, and V i the vulnerability score for the initial condition. For the modified SINTACS and GALDIT, changes in the areas classified as having high and extremely high vulnerability were determined for each change of the parameter and compared with the initial condition. For the AVI, the change in the area having 'hydraulic resistance within 2 days' was calculated and compared with the initial condition.
Results

Vulnerability index maps of Hanko
Figure 4 displays rating and weight string maps for the modified SINTACS parameters and Fig. 5a the final SINTACS intrinsic vulnerability index map of the Hanko aquifer at present . The SINTACS vulnerability scores for the Hanko aquifer range from 112 to 248, which are classified as medium to extremely high vulnerability, where 99 % of the total area has high to extremely high vulnerability. The area of extremely high vulnerability (77 % of the total area) is located in the low-lying area in central-northern and northeastern parts of Hanko. The hydraulic resistances of the Hanko aquifer at present, calculated using the AVI method (Fig. 5c) , vary between less than a day to 47 days. Based on the AVI vulnerability index classification from Van Stempoort et al. (1993) , all of the Hanko aquifer is classified as extremely high vulnerability. For comparison with SINTACS, the AVI hydraulic resistance map was divided into four classes using the geometric classification in the Spatial Analyst module. Figure 6 displays the GALDIT vulnerability index map of the Hanko aquifer at present under (1) mean and (2) dry (summer) climate conditions. The GALDIT vulnerability index map was classified into low, moderate and high vulnerability, with 5.7 % (∼2.6 km 2 ) and 10.7 % (∼4.9 km 2 ) of total area classified as high vulnerability under the present mean and dry climate conditions, respectively.
Vulnerability index maps under climate change scenarios
The SINTACS intrinsic vulnerability index map of Hanko aquifer under climate scenario A1B (2021-2050; Fig. 5b ) contains vulnerability scores ranging from 112 to 292, which were classified as medium and extremely high vulnerability. The area classified as having extremely high vulnerability was 1.75 km 2 (3.79 % of the total aquifer area) greater than at present.
For the AVI, the hydraulic resistances under the A1B scenario (2021-2050) were found to vary from less than a day to 42 days and had a similar distribution pattern as at present. However, the hydraulic resistance values were 1.0-5.0 days lower compared to the present (Fig. 5d) .
The GALDIT vulnerability index maps of the Hanko aquifer under present conditions and scenario A1B (2021-2050) for both mean and dry season conditions are presented in Fig. 6 . The map area with a high GALDIT vulnerability index covers 4.8 km 2 (10.7 % of total), 4.2 km 2 (9.3 %), 2.6 km 2 (5.7 %) and 1.8 km 2 (3.9 %), respectively, for data from the present in the dry season, A1B in the dry season, the present under mean conditions and A1B (2021-2050) under mean conditions. Under dry climate conditions, both at present and under the A1B scenario , the aquifer area with high groundwater vulnerability to seawater intrusion also included the aquifer in the inland areas in the western part of the study area, near to the town of Hanko, which has low groundwater levels and a relatively low hydraulic gradient compared to the sea level.
Vulnerability index maps: validation efforts
According to the results from the AVI and the modified SINTACS method, the Hanko aquifer is classified as having high to extremely high vulnerability. The integration of multivariate statistical approaches (principal component analysis (PCA) and hierarchical cluster analysis (HCA)) with conventional classification of groundwater types), as well as with the hydrogeochemical data from Luoma et al. (2015) , identified the vulnerable groundwater areas based on the impacts of both natural and human activities on water quality. The natural impacts on groundwater vulnerability were observed in most parts of the aquifer area, which are still uncontaminated. This is indicated by the low dissolved element concentrations, low pH and alkalinity due to rapid percolation or a short residence time. The stable isotopes δ 2 H and δ
18
O also clearly suggest that the Hanko aquifer recharges directly from meteoric water.
The impacts of human activities on groundwater vulnerability were localised in areas near human activities and can be observed, for example, from the continued increase in NO 3 and metal concentrations in groundwater, or the high Na and Cl concentrations in groundwater due to the impact of the deicing road salt. Moreover, the geochemistry of groundwater in the Hanko aquifer varies spatially and temporally according to changes in the hydrological conditions, such as precipitation events and snowmelt. These indicate a highly vulnerable aquifer with high susceptibility to water from the ground surface percolating down to the water table, which corresponds well to the results of the AVI and modified SINTACS. Fig. 4 Rating grid maps of the modified SINTACS parameters and weight string based on data for the present Regarding the influence of seawater intrusion, the Cl concentration of seawater in the Hanko area was 2,690 mg L . EC values of seawater varied between 7,510 and 10,300 μS cm , the calculated contributions of seawater to the aquifer were approximately 0.15-0.28 %. Based on Eqs. (6) and (7), the thickness of the freshwater zone below sea level (Z) and the length of the seawater intrusion wedge (L) from the point beneath the shoreline into the aquifer section at three observation wells (Obs10, Obs11 and Obs14; Fig. 1 ) during the highest EC values of the measurements were in the ranges 186.7-716.7 and 4.3-12.5 m for the Z and L values, respectively (Table 4 ). The Z thicknesses were approximately 9-21 times thicker than the thickness of the aquifer, which indicates the thickness of the freshwater zone covering all of the aquifer section, which agrees well with the geochemical and monitoring results indicating a small contribution of seawater to the aquifer. However, these three wells are located in the GALDIT high vulnerability index map areas; nevertheless, the geochemistry of groundwater from Obs10, which is located near the coastline and the water intake well, suggests sulphate reduction in the mixed zone between fresh and seawater, indicating that local seawater intrusion may temporarily take place in this area due to the intrusion of seawater either from sea-level rise or the influence of groundwater pumping (Luoma et al. 2015) .
Sensitivity analysis
The results of sensitivity analysis are summarised in Table 5 . For reference, the groundwater levels of wells on the coastline (Obs10) and inland (Obs1; Fig. 1 ) measured for each parameter changed are also presented. The initial condition is referred to as the present (mean) condition.
Discussion Vulnerability index map of Hanko
According to the results based on the AVI and modified SINTACS, the Hanko aquifer is classified as highly to extremely highly vulnerable. Although the AVI indicates a higher vulnerability than the modified SINTACS, the distribution pattern of aquifer vulnerability based on the AVI is similar to that of the modified SINTACS. Both methods show extremely high vulnerability in the low-lying areas, including the areas along the shoreline and most parts of the aquifer in Santala in central-northern and northeastern parts of Hanko (including the gravel excavation pit area) (Fig. 1) . These areas consist of permeable aquifer media (gravel and sand), and the groundwater level is close to soil surface and rapidly responds to precipitation during the snowmelt period and heavy rainfall events (Luoma et al. 2015) .
The purpose of the AVI is to reduce the redundant parameters used in SINTACS. It ignores the topography, because it regards this as a non-critical parameter, and also climate data such as groundwater recharge, because such data are often difficult to obtain. According to Van Stempoort et al. (1993) , the influence of these parameters can be identified during later detailed site investigation in aquifer areas that are classified as highly vulnerable. These parameters are important and can be critical for assessing the intrinsic vulnerability of groundwater, e.g. in the topographic landforms of shallow aquifers that are highly variable following the depositional processes during glaciations and deglaciations. In Hanko, the case study site, the topographic landform is relatively flat, which creates low surface runoff and provides more time for precipitation to infiltrate into the aquifer.
The depth from the ground surface to the water table is one of the most important parameters in vulnerability assessment (Aller et al. 1987) . Under climate change scenarios, e.g. A1B , an increase in groundwater recharge and the groundwater level in the future will reduce the depth to the groundwater and cause the aquifer to become more vulnerable than under present climate conditions. Nevertheless, the AVI has no parameter to determine the vulnerability of an aquifer to seawater intrusion, while SINTACS has the option of a seepage/drainage weight string for aquifers that are connected to a watercourse; however, the seepage/drainage weight string only determines the vulnerability of aquifer areas vertically from the ground surface to groundwater level, and not along a lateral interface relative to seawater intrusion. For this reason, the GALDIT index map, which takes into account the height of the groundwater level relative to the sea level, the distance of the aquifer from the shoreline and evidence of seawater intrusion, may provide a better insight into the vulnerability of an aquifer to seawater intrusion than the SINTACS and AVI methods. The results of this study indicate that GALDIT could be used in combination with the other Table 4 Parameters used for the calculation of the thickness of the freshwater zone below sea level (Z) and the length of the seawater intrusion wedge (L) from the point beneath the shoreline into the aquifer section at three observation wells (Obs10, Obs11 and Obs14) based on Eqs. (6) and (7) Well Date of measurement h groundwater (GW) level above sea level, Z thickness of the freshwater zone below sea level, x distance of well from the shoreline, b thickness of the aquifer, dh/dx hydraulic gradient between two measuring points, L length of the seawater intrusion wedge at the point beneath the shoreline into the aquifer section methods (e.g. SINTACS and the AVI) in assessing the intrinsic vulnerability of groundwater in coastal aquifers. The modified SINTACS presented in this study could be applied and developed to the same standard of groundwater vulnerability assessment for inland aquifers, such as the shallow groundwater areas in Finland or elsewhere, that have similar depositional environments. The AVI classified the Hanko aquifer as high to extremely high vulnerability, especially based on the original AVI classification system (Van Stempoort et al. 1993) . The classification criteria of the groundwater intrinsic vulnerability index for the AVI could possibly be improved to make the index better suited to this type of depositional environment.
Vulnerability index maps: validation and assessment methods
Although groundwater vulnerability assessments have been reported in many study areas around the world, few studies have reported the validation of the methods used. In these, the hydrogeochemistry of groundwater samples has commonly been applied to validate aquifer vulnerability index maps. Allouche et al. (2015) applied the concentrations of contaminant indicators, e.g. NO 3 and Cl, for inland and coastal aquifers, but provided no concrete conclusion on the validity of the methods. Trabelsi et al. (2016) compared the GALDIT vulnerability index maps with the distribution of indicators for seawater intrusion such as TDS, Cl and the Na/Cl ratio, and the integration multiple approaches, including the extent of the freshwater-seawater interface from the Ghyben-Herzberg model. According to the results, the extent of seawater intrusion based on the Ghyben-Herzberg model corresponded well with the GALDIT medium and high vulnerability index, while the hydrogeochemical data showed poor agreement with the GALDIT index map. The areas with high concentrations of TDS and Cl but a low GALDIT vulnerability index were interpreted to be a result of water quality deterioration rather than seawater intrusion.
The validation of the methods used for vulnerability assessment was not an easy task in the Hanko case study area, where the aquifer is vulnerable to climate change and human activities and still remains uncontaminated in many parts of the aquifer area. This can be an unsuitable situation to use the concentrations of indicators of contamination, e.g. NO 3 , Cl, for the validation of the assessment methods. Instead, the integration of multivariate statistical approaches with hydrogeochemical data (Luoma et al. 2015) provided useful tools to classify the vulnerable groundwater areas representing the impacts of both natural and human activities on water quality. The vulnerability index maps based on the AVI and SINTACS were consistent with the geochemical data. On the other hand, the GALDIT vulnerability index maps showed poor agreement with the contribution of seawater, and the extent of the saltwater and freshwater interface from the Ghyben-Herzberg model; however, the hydrogeochemistry of the groundwater in Hanko indicated temporal and spatial variations and suggested the temporal intrusion of seawater into the low-lying coastal aquifer area near the pumping well. The seasonal variations in groundwater discharge and overpumping could induce more seawater to enter the aquifer, but this could not be detected from the small number of water samples taken during short sampling periods. In addition, in the brackish seawater environment, where the density and salinity of seawater are much lower than oceanic water, the validity of the rate and weight strings in GALDIT, e.g. the distance from the seashore, might possibly be modified.
Sensitivity analysis
The sensitivity analyses (Table 5) revealed that changes in groundwater recharge cause the greatest changes in the simulated groundwater level and vulnerability index compared with sea-level rise. This indicates that groundwater recharge has a larger contribution to the variation in the groundwater level, depth to the groundwater and, consequently, groundwater vulnerability across the study area.
As groundwater recharge increases, the vulnerability indices based on SINTACS and AVI also increase, but the rate of increase in the SINTACS index is higher than that of the AVI. Conversely, an increase in groundwater recharge causes a reduction in the GALDIT vulnerability index. In the coastal area, an increase in groundwater recharge will cause more groundwater discharge into the sea and hence a lower vulnerability to seawater intrusion, as also shown by Werner et al. (2012) .
An increase in the rate of sea-level rise causes the vulnerability indices derived by the three methods to increase, but with the smaller rates of increase than the increase in groundwater recharge. A change in the sea-level rise has a less significant impact on the AVI compared to SINTACS and GALDIT.
The influence of sea-level rise on the groundwater level was observed at wells located along the coastline, in which a change in the sea level has been observed to have a direct influence on the shallow groundwater level after a short time lag (Backman et al. 2007; Luoma and Okkonen 2014) , while the groundwater levels of inland wells are less impacted by a change in the sea level. This result is consistent with Werner and Simmons (2009) ; however, the sensitivity analysis indicated that in the Hanko area, even with a sea level rise of up to 50 %, which is close to the maximum level of sea level rise under the A1B (2071-2100, highly regionalised) scenario, the groundwater level of wells along the coastline would only increase by 0.48 m, and the vulnerability index would increase by less than 1 % in SINTACS and the AVI and less than 2 % in GALDIT.
The monitoring of EC values and the Cl concentration of seawater and groundwater indicates that the contribution of seawater to the aquifer was approximately 0.15-0.28 %. In future climate change scenarios, the salinity in the Baltic Sea region is predicted to decrease by about 2-50 % from the present level (Neumann et al. 2012; Meier et al. 2006 ), due to the predicted increase in freshwater inflow into the Baltic Sea. Millero and Kremling (1976) also reported that the salinity of water samples from the Baltic Sea appears to have remained stable during 30 years of water sampling. The degree of seawater intrusion into the Hanko aquifer would therefore probably remain the same, even if the sea level rises to +0.51 m by the end of the 21st century, as predicted in the A1B scenario (highly regionalised).
Impacts of climate change and seawater intrusion on aquifer vulnerability
The shallow aquifer at Hanko is located in a cold, snowdominated region where the groundwater level clearly displays seasonal variation. The maximum groundwater level occurs during the spring after snowmelt and in the autumn due to the lower evapotranspiration rate. The minimum groundwater level occurs during the winter due to the lack of percolation resulting from the snow cover and during the summer due to the higher evapotranspiration rate. Under climate change scenarios, the seasonal impacts of climate change and climate variability on groundwater recharge and the groundwater level will be more significant (Luoma and Okkonen 2014; Okkonen 2011; Mäkinen et al. 2008 ).
These will consequently affect the groundwater vulnerability indices derived from different methods applied in different seasons during a year. As mentioned in the previous section, with an increase in groundwater recharge, such as in spring, the index of groundwater vulnerability to contamination on the ground surface based on SINTACS and the AVI will also increase, while the GALDIT index will show the opposite change.
Based on climate change scenarios, increasing precipitation can cause an increasing frequency of heavy rainfall events, which are associated with flash floods and the intrusion of surface waters into aquifers. Surface water may contain bacteria, a high amount of organic carbon and other dissolved solids, which will cause a deterioration in groundwater quality (Tarvainen et al. 2013) . Luoma et al. (2015) reported high concentrations of KM n O 4 in the observation wells located next to the lake and low-lying aquifer areas in Hanko, which indicated surface water intrusion into the groundwater. Increasing temperatures will cause snowmelt to occur earlier in the year and will affect the distribution of surface runoff and lead to increasing groundwater recharge in winter. Increasing groundwater recharge will lead to a rise in the groundwater level and an increase in surface leakage, which may cause flooding in the aquifer area (Luoma and Okkonen 2014) . This could also increase aquifer vulnerability by enhancing the transport of surface and soil contamination into the aquifer.
On the other hand, with a decrease in groundwater recharge, such as in the summer, the index of groundwater vulnerability to contamination from the ground surface based on SINTACS and the AVI will decrease, while the index of vulnerability to seawater intrusion based on GALDIT will increase. Because decreasing groundwater recharge will lower the groundwater level relative to the seawater level, there will be a decline in the hydraulic gradient and groundwater flow velocity, and this could reduce groundwater flux discharge to the sea and induce greater seawater intrusion into the aquifer.
In the Hanko area, sea level changes have a direct effect on shallow water tables after a short time lag (Backman et al. 2007) . Seawater intrusion may occur continuously and the degree of intrusion depends on the seawater and freshwater interface mechanisms and many factors associated with natural and anthropogenic sources and human activities. Although the present contribution of seawater to the aquifer was found to be less than 0.3 %, the hydrogeochemical data from Luoma et al. (2015) indicate the possibility of temporal seawater intrusion into the low-lying coastal area, near to the water intake well areas. Ferguson and Gleeson (2012) reported that groundwater abstraction could cause a greater increase in the vulnerability to seawater intrusion for a low-lying coastal aquifer than sea-level rise. In the Hanko area, overpumping due to the seasonal increase in the groundwater demand during the summer, for example from the increased number of tourists and/or the owners of summer cottages ), could lower the groundwater level, especially in the water intake area, and may cause the aquifer to become more vulnerable to seawater intrusion. Under drought conditions, this could lead to a potential water shortage during the summer.
In addition, the coastal flooding of the low-lying area due to storm surges could transport potential contaminants from seawater into the aquifer. Figure 7 presents a geological crosssection of wells along the coastline in the Santala area. H 0 represents the mean sea level at present and H 1 represents the highest storm surge in Hanko at 1.24 m a.s.l., which occurred on 9 January 2005 and caused parts of the low-lying aquifer area, such as at Obs10, to be submerged under seawater. Based on climate change scenarios A1B and sea-level rise A1B (highly regionalised; Luoma and Okkonen 2014) , the mean sea level is predicted to reach +0.51 m a.s.l. and the potential storm surges would reach 1.75 m a.s.l. (H 2 ) by the end of the 21st century. At this level, the areas below +0.51 m a.s.l. would be under seawater, and the areas below 1.75 m a.s.l., including the water intake well, that are located between Obs10 and Obs11, will be vulnerable to coastal flooding.
By the end of the 21st century, the density and salinity of the Baltic Sea water are predicted to be the same or lower due to the increasing input of freshwater into the Baltic Sea (Meier et al. 2006) . The degree of seawater intrusion is therefore probably not the main concern compared with coastal flooding of the aquifer due to sea-level rise and storm surges.
Based on the main findings in this study, the degree of groundwater vulnerability to contamination and seawater intrusion of the Hanko aquifer greatly depends on climate change variability in the long term and could also vary following the seasonal variations during the year in either high or low groundwater recharge. This will challenge the management of the water supply and the strategy applied for the coastal aquifer in Hanko, including optimisation between groundwater abstraction and the intrusion rate of seawater for the water intake wells during the peak season in summer, the possibility of establishing a new water intake well further inland owing to the threats of future sea-level rise and storm surges, and the protection of groundwater to maintain water quality that meets the drinking-water standards and prevent it from contamination.
Conclusions
Groundwater intrinsic vulnerability indices calculated using the AVI and modified SINTACS methods show high to extremely high groundwater vulnerability of the shallow unconfined low-lying aquifer in Hanko to contamination from sources on the ground surface, with the AVI indicating higher vulnerability than the modified SINTACS. The parts of the aquifer having a high vulnerability index are located in the low-lying areas consisting of permeable sediments, where the groundwater level is close to the soil surface and rapidly responds to changes in groundwater recharge. The results from the GALDIT method provide a better insight into groundwater vulnerability to seawater intrusion of the coastal Fig. 7 A geological cross-section along line D-D′ (Fig. 1) illustrating the groundwater level and mean sea level (H 0 ) at present . H 1 represents the highest storm surge depth in Hanko at 1.24 m a.s.l. on 9 January 2005, and H 2 represents the potential highest storm surges at 1.75 m a.s.l. by the end of the 21st century based on the climate change scenarios A1B and sealevel rise A1B (highly regionalised) aquifer, particularly in areas having a low hydraulic gradient, which cannot be identified by the AVI or modified SINTACS.
The degree of groundwater vulnerability varies depending on the climate change variability and is strongly impacted by seasonal variation in groundwater recharge. Increasing groundwater recharge will increase the groundwater level and surface leakage, and will also increase the vulnerability of the groundwater to contamination from anthropogenic sources on the ground surface, as indicated by the AVI and modified SINTACS. This is the opposite result to that from GALDIT, which indicates low groundwater vulnerability to seawater intrusion due to the relatively high groundwater flux discharge to the sea. In contrast, decreasing groundwater recharge will lower the groundwater level and groundwater flooding or surface leakage may not occur, but this will increase the vulnerability of the groundwater to seawater intrusion because of the reduction in the groundwater flux discharge to the sea.
The contribution of seawater to the aquifer at present is very small. The degree of seawater intrusion in the future will probably remain the same as at present. However, overpumping could induce greater seawater intrusion into the aquifer. The sea-level rise predicted under climate change scenarios will cause some areas along the coastline to be submerged under seawater. Together with the coastal flooding of low-lying areas due to storm surges, this could potentially introduce more contamination from seawater into the aquifer.
The sensitivity analysis indicated that variation in groundwater recharge has the greatest impact on the groundwater level and consequently on groundwater vulnerability across the study area compared with sea-level rise. A change in the sea level will have an insignificant impact on groundwater vulnerability according to the AVI compared with the results based on the modified SINTACS and GALDIT. The AVI is probably not suitable for groundwater vulnerability assessment of coastal aquifers or of aquifers that are likely to be strongly impacted by climate change. The modified SINTACS could be used as a guideline for the groundwater vulnerability assessment of inland aquifers formed in glacial and deglacial deposits. Furthermore, a combination of the modified SINTACS and GALDIT could provide a useful tool to assess the vulnerability of groundwater to both contamination from sources on the ground surface and seawater intrusion for the shallow unconfined low-lying coastal aquifers under the future climate change conditions.
